Soybean (Glycine max (L.) Merrill) is the most important leguminous crop in the world due to its highest content of high-quality protein for food and feed, and its capacity of oil production for food and industrial materials. Physiologically functional constituents in soybean seeds contribute significantly to human health, and because of its characteristic symbiosis with root bacteroids, soybean supplies nitrogen to soil. Although soybean has a relatively large and complex genome, several methods for genome analysis have been applied to obtain improved genotypes and to elucidate the special function of soybean. Research activities undertaken to analyze soybean genome structure and function include the construction of high density linkage maps, integration of trait loci into linkage maps, development of bacterial artificial chromosome libraries, physical mapping, large collection of expressed sequence tags, development of large populations of mutagenized plants and large-scale sequencing of gene-rich regions.
Introduction
Legumes are an essential component of many agricultural systems. In East Asia, rice has been the staple food and soybean has been associated with rice to provide a nutrimental supplement in food and to contribute to soil fertility through rhizobial symbiosis. Soybean is currently the most important legume in the world due to the highest content of high-quality protein in seeds for food and feed, and to the production of oil for food and industrial materials. Recently a large number of physiologically functional constituents have been identified in soybean seeds and soybean is considered to be a very important crop for human health.
Soybean has a relatively large genome (1.12 × 10 9 bp (Arumuganathan and Earle 1991), 1.81 × 10 9 bp (Goldberg 1978) , 1.29 × 10 9 bp (Gurley et al. 1979) ), and about 55 % of the genome consists of highly repetitive sequences (Danesh et al. 1998) . Soybean is considered to be a recently diploidized tetraploid and more than 90 % of the nonrepetitive sequences are present in more than two copies (Shoemaker et al. 1996) . These characteristics hamper the research on soybean genomics. However, comprehensive efforts have been conducted on various aspects, including linkage map construction, location of agronomically important trait loci with DNA markers, map-based cloning, integrated physical mapping, large collection of soybean expressed sequence tags and development of mutagenized libraries.
Linkage map
The linkage maps of soybean had been constructed mainly based on restriction fragment length polymorphism (RFLP) using random genomic clones as probes (Keim et al. 1990 , Lark et al. 1993 , Mansur et al. 1996 . However the relatively low degree of polymorphism in addition to the large genome size and complex genome organization have retarded the construction of linkage maps covering a large region of the soybean genome. Simple sequence repeat (SSR) markers were integrated into RFLP linkage maps (Akkaya et al. 1995) . Cregan et al. (1999a) integrated soybean linkage maps into 20 homologous linkage groups by using SSR markers based on their correspondence with some known linkage maps. SSR markers are codominant single-locus markers with multiple alleles and it is easy to evaluate the genotype of each locus by using the polymerase chain reaction (PCR). Thus, through the design of highly specific primers, the use of these markers has become a major tool for the analysis of the genome of plants such as soybean that are characterized by many duplicated arrangements and has promoted map construction. A high-density map based on amplified fragment length polymorphism (AFLP) markers (Keim et al. 1997 ) and an informative linkage map containing RFLP markers derived from expressed sequence tags (ESTs) (Yamanaka et al. 2001 ) have been constructed. RAPD (random amplified polymorphic DNA) markers have also been integrated into a RFLP linkage map (Ferreira et al. 2000) . Five maps derived from A81-356022 × PI 468.916, Minsoy × Noir 1, Archer × Minsoy, Noir 1 × Archer, Clark × Harosoy were integrated with the map of Cregan et al. (1999a) using JoinMap, and a composite map with 1015 SSR, 709 RFLP, 73 RAPD, 6 AFLP, 10 isozyme markers, 24 classical markers and 12 other markers has been developed (Song et al. 2004) . Markers from all other published mapping studies were interpolated onto each linkage group of the composite map using a proportional relationship between anchor loci (http//soybase.agron.iastate.edu). Although this map may cover a large region of the soybean genome, there are some regions with few markers or gaps. Development of new markers based on SSR polymorphisms and single-nucleotide polymorphisms (SNPs) are under way in several laboratories to construct high-density saturated maps. Zhu et al. (2003) carried out studies on SNP frequency, haplotype variation, estimation of linkage disequilibrium (LD) in coding and noncoding soybean DNA sequences of 25 diverse genotypes. Information on the correspondence be-tween linkage groups and chromosomes is limited. Recently, out of 20 linkage groups, 11 have been assigned to soybean chromosomes using primary trisomics (Zou et al. 2003 ).
The information of major linkage maps based on single crosses is summarized in Table 1 . A current linkage map constructed using an F 2 population derived from a cross between Misuzudaizu and Moshidou Gong 503 is presented in Figure 1 . The map consists of 853 markers (412 RFLP, 117 SSR, 318 AFLP, 1 RAPD and 5 phenotypic). Blue: RFLP markers, Green: SSR markers, Red: AFLP markers, Black: RAPD marker, Boxed: phenotypic markers
Genetic mapping of trait loci
Integration of trait loci into molecular linkage maps is important for marker-assisted selection (MAS) in breeding programs, and for the cloning of the genes responsible for agronomically important traits (map-based cloning).
Many trait loci including flower color (W1), color of cotyledon (D1, D2), seed coat color (G, R), bloom on seed coat (B1), seed coat peroxidase activity (Ep), light hilum (I), hilum abscission layer (N), pod color (L1), pubescence color (T), density of pubescence (Pd1, Ps), morphology of hair tip (Pb), glabrousness (P1), morphology of leaflet (Ln), 5foliolate leaf (Lf1), foliar pigmentation (Y9), root fluorescence (Fr1, Fr2), indeterminate stem (Dt1), flowering and maturity (E2) and resistance to bacterial blight (Rpg1, Rpg4)
were integrated into Cregan's map (1999a) .
The DNA markers linked to resistance genes to soybean mosaic virus (Yu et al. 1994 , Zhang et al. 1998 , Gore et al. 2002 , peanut mottle virus (Gore et al. 2002) , soybean cyst nematode (Mudge et al. 1997 , Cregan et al. 1999b ), Phytophthora rot (Byrum et al. 1993 , Polzin et al. 1994 , Cregan et al. 1999a , Salimus and Bhattacharyya 1999 , Burnham et al. 2003 , bacterial blight (Ashfield et al. 1998) , frogeye leaf spot (Mian et al. 1999 , Martins Filho et al. 2002 and downy mildew (Chowdhury et al. 2002) were reported.
The genes responsible for physiological and biochemical traits, including supernodulation (Landau-Ellis et al. 1991 , Kolchinsky et al. 1997 , deletion of Kunitz trypsin- This is the original information for each map. 1) More markers were mapped at least in two populations.
inhibitor (Tang et al. 1998 ), deficiency of 7S globulin (Hayashi et al. 2000) , seed luster phenotype and surface protein (Gijzen et al. 2003) , male sterility (Jin et al. 1998) and female partial sterility (Kato and Palmer 2004) were tagged using DNA markers. Resistance to several pathogens and pests is controlled by multiple genes. Quantitative trait loci (QTLs) for resistance were analyzed for several important diseases and pests as follows; Sclerotinia stem rot (Kim and Diers 2000) , brown stem rot (Lewers et al. 1999 , Klos et al. 2000 , sudden death syndrome (Abu-Thredeih 1996, Chang et al. 1996 , Hnetkovsky et al. 1996 , Meksem et al. 1999 , soybean cyst nematode (Webb et al. 1995 , Abu-Thredeih et al. 1996 , Vierling et al. 1996 , Meksem et al. 1999 , Qiu et al. 1999 , Ude et al. 2002 , peanut root-knot nematode (Tamulonis et al. 1997a) , Javanese root-knot nematode (Tamulonis et al. 1997b , Miene et al. 2002 , southern root-knot nematode (Tamulonis et al. 1997c) , and corn earworm (Rector et al. 1999 , Terry 2000 .
Genetic dissection by QTL analysis was also performed for developmental and morphological traits as follows; flowering time (Keim et al. 1990 , Mansur et al. 1993a , Orf et al. 1999a , Yamanaka et al. 2000 , Tasma et al. 2001 , maturity (Keim et al. 1990 , Mansur et al. 1993a , 1993b , Lark et al. 1994 , Lee et al. 1996a , 1996b , Orf et al. 1999a , Tasma et al. 2001 , plant height (Keim et al. 1990 , Mansur et al. 1993a , 1993b , Lark et al. 1995 , Lee et al. 1996a , 1996b , Orf et al. 1999a , leaf morphology (Keim et al. 1990 , Orf et al. 1999a , Yamanaka et al. 2001 , lodging (Mansur et al. 1993a , 1993b , Lee et al. 1996a , 1996b , Orf et al. 1999a , nod number ), pod number , yield (Mansur et al. 1993a , 1993b , Lark et al. 1995 , Orf et al. 1999b , Yuan et al. 2002 , Chung et al. 2003 , Smalley et al. 2004 , appressed pubescence , pod dehiscence (Bailey et al. 1997) , seed-weight (Mansur et al. 1993a , Maughan et al. 1996 , Orf et al. 1999a , seed size (Hoeck et al. 2003) and sprout .
Seed constituents are very important in soybean and genetic analyses with DNA markers were reported on the fol-lowing quantitative traits; protein content , Mansur et al. 1993a , Lark et al. 1994 , Lee et al. 1996c , Brummer et al. 1997 , Sebolt et al. 2000 , Chung et al. 2003 , Tajuddin et al. 2003 , oil content , Mansur et al. 1993a , Lark et al. 1994 , Lee et al. 1996c , Brummer et al. 1997 , Chung et al. 2003 , Tajuddin et al. 2003 , sucrose content (Maughan et al. 2000) , palmitic acid content (Li et al. 2002) , stearic acid content (Spencer et al. 2003) , isoflavone content , and trigonelline content (Cho et al. 2002) .
Responses to environmental stresses including salt tolerance (Guo et al. 1998 , Qin et al. 2000 , iron deficiency , Lin et al. 1998 , water use efficiency (Mian et al. 1996) and chlorimuron ethyl sensitivity were genetically analyzed.
Fine mapping of a few loci for these traits has been achieved and analyses of many loci for other traits are underway.
Physical mapping
The development of clones containing large DNA fragments is essential for generating high-resolution physical maps for positional cloning and for the construction of largescale or whole-genome physical maps. Large DNA cloning vectors, such as yeast artificial chromosome (YAC) (Burke et al. 1987 ) bacteriophage P1 (Sternberg 1990) , bacterial artificial chromosome (BAC) (Shizuya et al. 1992 ) and P1derived artificial chromosome (PAC) (Ioannou et al. 1994) , have been developed. It is easier to construct and manipulate BAC libraries than YAC libraries and the frequency of rearrangement is low. Several BAC libraries have been constructed in soybean (Marek and Shoemaker 1997 , Danesh et al. 1998 , Salimath and Bhattacharyya 1999 , Tomkins et al. 1999 , Tomkins et al. 2000 (Table 2) . Construction of a YAC library was also reported by Santra et al. (2003) .
Identification of BAC clones associated with cyst nematode resistance (Danesh et al. 1998 , Tomkins et al. 1999 . Each of these genes consisted of three functional parts for an extracellular leucine-rich repeat sequence, a trans-membrane spanning domain and a kinase domain, and it was assumed that the Rhg1 and Rhg4 proteins acted by dimerization, based on the nature of the host-pathogen recognition and bigenic model for resistance . Ashfield et al. (2002) cloned the resistance gene Rpg-1 using a positional cloning approach. They confirmed the identity of Rpg-1 both by sequencing an EMS-generated mutant allele and by functional complementation using a particle bombardment-based transient assay. Rpg-1 is composed of three functional parts, a putative coiled-coil domain, a nucleotide binding site and leucine-rich repeats (CC-NBS-LRR) (Ashfield et al. 2002) .
In the laboratory of Bhattacharyya (http://www.public. iastate.edu/˜mbhattac/bhattacharyya/labgoals.htm), one class of candidate sequences of NBS-LRR type for the resistance gene Rps1-k from BAC clones of Rps1 locus were identified. Susceptible cultivar to Phytophthora rot has been complemented with candidate NBS-LRR-like sequences to identify Rps1-k. The laboratory initiated a map-based cloning project to isolate the complex locus that presumably carries Rps4 and Rps6. The gene (Nts1/GmNARK) responsible for systemic regulation of symbiotic organ development was identified by a map-based cloning strategy using a hypernodulating phenotype (Searle et al. 2003) and by synteny between soybean and Lotus japonicus (Nishimura et al. 2002) . The Nts1 gene encodes a protein which contains 21 leucine-rich repeats, a single transmembrane domain and serine/threonine kinase domains with a high homology to Arabidopsis thaliana CLVI which is involved in the organization of the shoot apical meristem. The EMS-induced hypernodulating mutant En6500 has a stop codon near the transmembrane domain in the gene. The gene-dense region associated with the Rhg4 locus and I locus on the linkage group A2 was analyzed by sequencing a BAC clone of Williams 82 (Lewers et al. 2002) . A subtilisin-like protease gene was identified from a BAC clone near the Rhg4 locus of PI 437654 (Nelsen et al. 2004) . Twelve different resistance-like genes were identified within a single BAC from the linkage group J using a PCR-based approach (Graham et al. 2002) . Eight DNA markers spanning an interval of approximately 10 cM on the linkage group G, where the soybean cyst nematode resistance gene (rhg1) and sudden death syndrome resistance gene (Rfs1) are located, were used to identify BAC clones, and gene content and repetitive DNA distribution were determined by analyzing end-and sub-clone sequences from the BAC clones (Foster-Hartnett et al. 2002) . Cases of highly similar physical organization between BAC contigs mapped to the linkage group G and their homoeologous contigs in other regions of the soybean genome were revealed. Very long sequences from genomic regions harboring rhg1 and Rhg4 were submitted to GenBank by Monsanto Company (patent number WO0151627). Marek et al. (2001) constructed a framework physical map encompassing approximately 20 % of the entire soybean genome by developing BAC contigs using SSR and RFLP markers. They have obtained BACend sequences from each of these contigs and provided a method of assaying the soybean genome structure and organization. Mudge et al. (2004) surveyed the soybean genome with 683 BAC contigs anchored by RFLP markers. They reported that RFLP markers were physically clustered in soybean and that homoeologous BAC contigs often exhibited extensive microsynteny.
Genome-wide integrated physical and genetic maps will provide powerful tools for research into various aspects of the soybean genome, including large-scale genome sequencing, target marker development, high-throughput EST (expressed sequence tag) mapping and efficient positional cloning. Integrated genetic and physical mapping of Forrest using restriction enzyme fragment fingerprints was reported . A genome wide, BAC/BIBAC (binary bacterial artificial chromosome)-based physical map of soybean was developed by restriction fingerprint analysis on DNA sequencing gels . The map was constructed using 78,001 clones from soybean BAC and BIBAC libraries from three cultivars (Forrest, Williams 82 and Faribault) and consisted of 2,905 BAC/BIBAC contigs. They also integrated 781 contigs spanning 663 Mb (59.5 %) of the soybean genome into the existing soybean composite genetic map using 273 SSR and 115 RFLP markers.
The International Consortium to Sequence the Soybean Genome Meeting was held in 2003 and 2004 in San Diego during the Plant and Animal Genome Conference. It was indicated that the gene-rich regions of Williams 82 will become the target of sequencing in USA. Methylation filtering technology will be used to enrich genomic clones that harbor genes (http//www.soybeangenome.org/Soybeans Intlminutes.html).
Large collection of expressed sequence tags
The Public Soybean EST Project in USA was initiated in 1988. More than 80 cDNA libraries were generated which represent transcripts from a very wide range of genotypes, developmental and reproductive stages, organs, tissues, and abiotic and biotic stresses. More than 120,000 ESTs generated from more than 50 cDNA libraries were evaluated . These ESTs coalesced into 16,928 contigs and 17,336 singletons. Tian et al. (2004) analyzed 314,254 soybean ESTs, including 29,540 from their laboratory and 284,714 from GenBank. These ESTs were assembled into 56,147 unigenes. Soybean unigenes that did not match to genes within the Arabidopsis genome were identified as soybean-specific genes. These genes were mainly involved in nodule development and the synthesis of seed storage proteins. High-quality full-length cDNA libraries are being developed through collaborative efforts in Japan from transcripts of Norin No. 2 at several stages, from organs, and under abiotic stresses and cyst nematode inoculation (Shinozaki personal communication). The main objectives of the Functional Genomics Program for Soybean in USA (http:// soyabeangenomics.cropsci.uiuc.edu/, http://soybean.ccgb. umn.edu/) are to build a soybean "unigene" set defined by 5′ and 3′ sequence data, to construct and use microarrays for global expression, and to generate and sequence SAGE (serial analysis of gene expression)-tagged libraries. A "unigene set" of approximately 36,000 sequences is being assembled. The ESTs were clustered within each library and then across libraries to yield unique sequences. The singletons and a representative of each contig were selected for the "unigene" sets. After cluster analysis, the 3′ ends of the reracked set of cDNA were sequenced. The 5′ and 3′ sequences were then compared and functional assignments were made using BLASTX. The "unigene" sets were processed for use in microarray experiments. Affymetrix oligonucleotide array from soybean ESTs has become available. SAGE protocols have been optimized for soybean in the laboratory of Paul Keim (http//soybean.ccgb.umn.edu/). They have generated a total of 135,000 SAGE tags.
Reverse genetics
Although gene disruption is an effective method for analyzing gene functions, no efficient tagging method has been developed in soybean. A strategy for reverse genetics based on EMS-mutagenesis was first described by McCallum et al. (2000) using TILLING (targeted induced local lesions in genomes). TILLING identifies individuals carrying point mutations in any gene of interest within a large population of EMS-mutagenized plants. Slade et al. (http://abstracts. aspb.org/pb2003/public/P72/1451.html) have identified multiple alleles of genes of interest also in soybean using TILLING. In the laboratory of Khalid Meksem, the optimum conditions for developing a good EMS-TILLING library of soybean were defined and a library was generated from two cultivars, Forrest and Williams 82 (http//www. soybeantilling.org). X-ray-mutagenized library of soybean is being developed at Saga University (Anai personal communication).
Since RNA interference is useful to identify the function of redundant genes (Lawrence and Pikaard 2003) , it could be applied to soybean which has many duplicated regions in the genome.
Future perspectives
Although the soybean genome is relatively large in size and complex, several tools for genome analysis have been developed, including high-density molecular linkage maps, BAC libraries, integrated genetic and physical maps, large collection of ESTs, mutagenized libraries. Based on mapbased cloning, some genes responsible for resistance against biotic stresses have been identified. Beside the resistance to biotic and abiotic stresses, other traits related to plant and seed development, including symbiosis, flowering and maturity, contents of protein/oil and other physiologically active components are also very important to enhance yield and to improve seed quality. System biological analysis based on proteomics and metabolomics will be necessary to understand these complex processes.
An other strategy for gene identification of agronomically important traits is the use of synteny with model plants, Lotus japonicus, Medicago truncatula and Arabidopsis thaliana. Collaborative studies to aimed at constructing a comparative map between soybean and Lotus japonicus are underway in Japan. Bean's Base National Bioresource Project of Lotus japonicus and soybean will facilitate this undertaking.
Large-scale sequencing of genomic regions where agronomically important genes are located or of gene-rich regions will be performed in the near future.
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